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RESEARCH MEMORANDUM

JET EFFECTS ON BASE AND AFTERBODY PRESSURES OF A
CYLINDRICAL AFTERBODY AT TRANSONIC SPEEDS

By Jemes M. Cubbage, Jr.
SUMMARY

An investigetion has been conducted at transonic stream Mach num-
bers to study the effects of a cold jet issuing from the base of =
cylindrical afterbody upon the afterbody and base pressures. Both sonic
and supersonic conical nozzles were studled in this investigation with
jet-to-base diameter ratios ranging from 0.25 to 0.85. Free-stream Mach
numbers ranged from 0.6 to 1.25 end the jet total-pressure ratio from
the no-Jet flow condition to spproximately 8.0. The effect on base .
pressure of Introducing smell quantities of air Into the region adjacent
to the base annulus was also lnvestigated.

The results show that for the conflgurgtion tested the effect of
the issulng jet on base pressure was, In general, detrimental at Jet
total-pressure ratlios less than about 5.0 over the range of Mach numbers
investigated. Very low base pressures were obtained at sonic free-
stream veloclities with a jet total-pressure ratioc of sbout 2 to 3. The
effect on base pressure of varying the jet-to-base dlameter ratio was
pronounced. Base bleed was beneficial in’ reducing the base drag under
certain conditions and had little or no effect under other conditions.

IS

INTRODUCTION

The range capabilities of supersonic aircraft may be substantielly
improved by crulsing at the lower transonlc speeds where less thrust is
required. In order to realize maximumm jet efflclency in this speed
range, the size of the Jet nozzle must be reduced from that, required
for the maximum supersonic speed of the alrcraft. If this requirement
of variable nozzle area is sabisfled without changes in the afterbody
contour, then the area of the amnulus between the afterbody and nozzle
exit must increase as the speed of the aircraft décreases. As a result
of the decrease 1n the static pressure over the enlarged base annulus,
a base drag of appreciable megnitude mey be experienced.
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Although a consldereble volume of date 1s avallable to show the
variations in magnitude of the base pressure as g functlon of nozzle and
afterbody contour, of nozzle dlameter relatlive to base diameter, and of
Jet pressure ratio in the supersonic reglon, relatively little has been
done gt transonic speeds. A recent comprehenslve investigation of a
series of contoured afterbodies for a range of boattail angles and jet-
to-base dlameter ratios at transonic Mach numbers up to 1.1 is reported
In reference 1. Reference 2 contalns similer data at high subsonic -
speeds. Data from other investlgatlons are available but for the most
part are restricted to tests of specific confilgurations in which the
determination of base drag was a secondary objective.

The 1nvestigation reported hereiln was conducted in the Langley
internal aerodynamics leborstory to determine the effect of Jjet total-
pressure ratio, Jet-to-base diameter ratio, end nozzle geometry on the :
bage and afterbody pressures of a cylindrical afterbody at transonic
stream Mach numbers. The Jet-to-base diameter ratlo was varled from
0.25 to 0.75 for the sonic nozzles and from 0.75 to 0.85 for the super-

sonic nozzles. Jet nozzle angles ranged from 0° to -25° for the conical

sonlc nozzles and from 5° to 25° for the supersonic conically convergent- )
divergent nozzles. The supersonic nozzleg had an area expansion equiv- :
alent to a Mach number of 2.0. The effect on the base pressure of intro- .
ducing small gquentities of air into the dead alr region adjacent to the

base annulus was also investigated. -

The present investigatlon covered s Mach number range from M, = 0,6

to 1.25 with corresponding Reynolds numbers of 3.4 X 106 to k.2 x 106 per
foot. The Jet total-pressure ratio HJ Po Was varied from no Jet flow

to Hj/pm ~ 8, The jet stagnation temperature for all tests reported
herein was epproximately T0° F.

SYMBOLS -
Ay, area of base snnulus, ﬁ-(dbg - d32>
Abz area of snnular bese bleed opening
. 2 .
C pressure coefficlent, £2___ - B B
P 7 MmE _
2 _
d diemeter = -
&. -
I i :
-
CRNERDEN
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= H

=

ScE

total pressure
Mach number

Mach number corresponding to pc/Ho

design Mach number of supersonic nozzle based on area ratio
static pressure

distance upstream slong afterbody from plane of afterbody base

u veloclity of flow at distance y from model support tube and
parallel to tunnel center line

Uwo free-stream velocity

pld distance along center line of test section from upstream end
of slot (slot origin) :

v perpendicular distance from model support tube

5 boundery-layer thlckness

3] nozzle half-angle; positive when diverging in the direction
of flow from center line of nozzle

v retio of specific heats

Subscripts:

a afterbody

b base

c plenum chamber surrounding test section

J Jet -

o} stagnation conditions

free stream
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APPARATUS

Tunnel

The 8%-—by 12-inch slotted test section employed in thls investi-

getion is shown in the photograph of figure 1l(a) and in the drawing of
figure 1(b). Each of the top and bottom walls contained four slots;
the width of the slots was such that the open~to-closed area ratio of
the slotted wall was 1/8. The individusl slots were tapered in both
width and depth over the flrst 7 Iinches of their length; the width -
increased from O to 3/8 inch, while the depth decreased from 1 to -

1/8 inch. From x = 7 to the end of the slot, the slot cross section

remained constant.

The stream~tube expansion necegsary to accelerate the flow to super-
sonic velocities was accomplished by removal of air through the slots
into the 1ntercommected chambers outside the slotted walls. At low super-
sonlc velocities, this air was returned to the main stream at the down-
stream end of the slotted section where the cross-sectlonal ares of the -
passage was approximately 16 percent larger than the geometrlc minimum
st the upstream end of the tunnel. Auxiliary suction was used to extend _
the Mach number range of the tunnel from 1.18 to 1.25 and to maintain a ~
congtant Msch number in the test section as the jet total-pressure ratio
was varied. Air for the tunnel maln stream was supplied by two centrif-
ugal blowers through a 4O-inch-diameter supply duct. The maximum tun-
nel stagnstion pressure avellsble for these tests was approximately

2 atmospheres at a stagnation temperature of 180° F.
8

The model support congisted of & 2-inch-diameter tube cantilevered
from the tummel entrance bell as shown In Tlgures l(b) and 2. The
upstream support struts were hollow, the two lower siruts containing all
pressure leads while the top strut was used to duct high-pressure gir to
the model support tube. The downstream struts were solld and of hexag-
onal cross section. The Jet air was supplied from three 1,000-cublc-
foot tanks which were pressurized to approximately 100 pounds per square
inch, Pneumstically operated valves were used to maintain a constant
pressure at the entrance of the jet nozzle.

Models -

A total of 16 jet nozzles were studied in this investigation.
Drawings of these models and photographs of several models are presented
as figure 3. The original four sonic-nozzle models had convergent ~
angles 8 of 0°, -59, —120, and -25° and a jet exit diameter equal to
65 percent of the base dlameter (dj/db» = 0.65). The 0° and -120

o N T DENELAY,
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nozzles were later modified to dj/db = 0.75. Limited data were also
teken for a @ = -25° nozzle with 4[4, = 0.25 and 0.45. The initial

three supersonic nozzles had divergence angles of 5°, 120, and 250 with
dj/db = 0.75. The diameter ratio for the 12° model was later increased

to 0.85. The convergence angle and throat length as well as the ratio
of throat area to Jet exit area (MD = 2.0) were identicael for all of

the supersconic models investigated.

Four base-bleed models (Ffigs. 3(c) and 3(d)) utilized the Jet
supply alr as a source Tor the bleed flow. Reductions 1n the base-bleed
flow rate at a particular jet pressure ratio were accomplished by closing
off a number of the bleed-flow throttling orifices. For the tests
reported herein, dsta were teken with 16, 8, and 4 throttling orifices
open. The exit area for the bleed flow on the 0° nozzle was increased
by removing the thin flange at the end of the model. A baffle ring was
installed as shown in figure 3(c) to throttle the high-velocity flow
issuing from the bleed-flow orifices.

A boundary-layer survey model, shown in place in the tunnel in
figure 4, was used to estimate the thickness of the boundary leyer on

the support tube at a station 5% inches upstream of the base of the

afterbody. The two survey rakes were located on the vertical center line
of the tunnel and each was composed of five 0.040-inch-diameter total-
pressure tubes spaced 0.0l, 0.025, 0.0k, 0.1, and 0.25 inch from the
surface of the model support tube.

Instrumentation

The stream stagnation pressure and temperature were measured in the
upstream L0 -inch~diameter supply duct while the test-section reference
static pressure p,. was measured in the tunnel plemum chamber. Static-
pressure orifices along the center line of one side wall were used to
obtain Ttunnel Mach number distributions; for these tests, a metal plate
with orifices spaced gt l-lnch intervals replaced one window.

Along the model afterbody, static-pressure orifices were installed

on two meridiens 180° apart; the axlal location of these orifices is
shown in figure 3(a). Base pressure was measured by a slingle orifice
located 0.055 inch from the outer edge of the base as shown in fig-

ure 3(a). The 0.040-inch-diameter total-pressure probe shown in figure b
was used to obtain jet total-pressure profiles across the vertical diam-
eter of the jet exit. The end of the probe passed within 1/64 inch of
the base of the model (except in the case of the boundary-leyer survey
model) and the pressure was continuously recorded by two 2-variable

recording potentiometers.
S
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All static pressures, wlth the exception of the two in the throat
of the Jet-flow metering venturi, were recocrded photogreaphically from
multitube manometer boaerds containing tetrabromoethane. The venturi
statlc pressures and the total pressure in the entrance tube were
recorded visually from mercury-filled U-tube menometers at low pressures
and from Bourdon gages at the higher pressures. The turmel stagnation
pressure was read from g mercury-fllled U-~tube manometer,

RESULTS AND DISCUSSION
Tunnel Mach Number Distributions and

Wall Interference Effects

Time-gveraged Mach number distributions determined from the tummel
stagnation pressure HO and static pressures along the center line of

one side wall of the tumnel are presented in figure 5. The corresponding
values of M., as computed from the chember static pressure p, and the

tunnel stagnatlon pressure, are shown on the left-hand side of the figure.

The effect of the presence of the model and support tube on the Mach
number dlstributions 1s shown in figure 5(&) where distributions for the
empty tunnel are compared with those obtalned when the model was 1n place.
Figure 5(b) compares distributions for the case of no Jet flow wilth those
for the case of & sonlc nozzle operating at a Jet total-pressure ratio of
gbout 4.0. The expansion of the tunnel flow at the Jet exit station at
values of My = l 0 1s noted in the comparison of filgure 5(a). The dis-
trilbution for M, = 1.0 shows an expansion originatlng a short distance
upstream of the Jjet exit station. Since this expansion would probably be
reflected from the wall as a further expansion, the measured base pressure
for thils speed may be excessively low. At M, > 1.0 the expansion of the
stream is propagated essentially along characteristic lines and reaches
the wall at an increasing distance from the_Jet exit station as M,
increases. Thus, the reflected disturbance would influence pressures only
at points downstream of the Jet exdit station. 1In reference 3, strong
shock waves intersecting the wake of blunt bases 3 diameters downstream
of the base were shown to influence base pressure; hence, for the case
of no jet flow, some effect of wall-reflected disturbance may be present
at the lower supersonic speeds. For the Jet=on case, except when the
reflected disturbance intersects the subsonlc flow near the base between
the external and jet flow, no error would be expected since disturbances
could not be propagated upstream through the surrounding supersonic flow.
The effect of the jet on the distributions can be seen in figure 5(b) as
a change 1n the distributions downstream of the Jet exlt station due to
the reduced expansion at the afterbody base.

e ONF TDENT Eddzp
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At speeds less than sonic, the time-gsveraged Mach number distribu-
tlons of figure 5 do not show any abrupt veristions. This result would
indicate that any disturbance present 1s of a trensient nsture. The
gradusl deviation of the distribution for M, = 0.9 (fig. 5(a)), is
thought to be due in part to the boundary layer on the model support
tube and the increased sensitivity of the flow to small changes in area
near sonic speeds and tc the acceleration of the flow as it turns
towards the center line of the tunnel to ccompensete for the lncreased
cross-sectlonsl area downstream of the model.

Although the areas of probable interference effects are discern-
ible, the magnitude of these effects on the data to be presented is
undetermined. Therefore, no corrections for tunnel-wall-interference
effects have been applled to the data.

Afterbody Boundary Layer

The boundary-layer velocity distributlion on the model support tube
as measured gt a point 5% inches upstream of the afterbody base at sev-

eral stream Mach mumbers is shown in figure 6(a). A comparison of the
boun -lgyer profile at M_ = 0.9 with a 1/7-power profile in fig-
ure 6(b) shows that the boundary layer in these tests was fully turbu-
lent. The data polnts in these flgures represent an average between
-the data recorded from the two boundsry-layer survey rekes. It may be
seen in figure 6(a) that from the fairing used the thickness of the
boundary layer on the afterbody was approximately 20 percent of the
base diameter. This 1s somewhat larger then what would normally be
found on a conventional aircreft configuration. The data of reference 4
show that, for a cylindrical afterbody at e free-stream Mach number of
about 2.0, the base pressure coefficlent was not significantly affected
by increasing B/db from 0.05 to 0.18.

Base Pressure

Effect of jet totel-pressure ratic.- Pressures measured on the
base of the cylindrical afterbody with the several sonic nozzles of this
investigation are presented in coefficlent form in figure 7 as a func-
tion of Jjet total-pressure ratio for constant values of stream Mach num-~
ber, Date similer to those of figure 7 are presented in figure 8 for
the supersonic nozzles Investigated. The varietion of the base pressure
with jet total-pressure ratio falls into one of two typical patterns
dependent upon the stream Mach number. These patterns are shown in fig-
ure 9 with schlieren photographs of the flow fileld at specific points
on the curves. The supersonic variation is shown in figure 9(&) while
the subsonlc one i1s shown in figure 9(b). The survey probe seen in the

SN
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schlieren photographs is located on the center line of the Jet except
in two instances (fig. 9(a)) where 1t is located approximately 2 inches
directly above the jet center line. Consegquently, the shock pattern
within the jet is distwrbed by the presence of the probe.

At Me = 1.2 (fig. 9(a)) point (a) is the no-jet-flow condition
where the external stream asplrates the base to a pressure lower than
the stream static pressure through turbulent mixing elong the wake
boundary. The expansion of the tumnel flow at the base of the after-
body for this condition appears as a broad dark band in the corre-
sponding schlleren photograph. As alr from The nozzle enters the wake
at very low flow rates, the base pressure coefficlent increases because
this additional mass exceeds the amount that can be removed by the
mixing action along the wake boundary. At higher jet-flow rates, the
higher veloclty jet supplements the main-streem flow in aspirating the
base to much lower pressures (point (b)). As the jet pressure ratio
increases above that required for choking of the nozzle, near Bj/Po = 2,
the jet "blossoms" outward and the pressure rise through the trailing
shock, produced by turning of the main-stream flow away from the Jet
axis by the Jjet, becomes of sufficilent magnitude to increase the base
pressure. The Jjet blossoms out further as Hj/Pm increases until at

HJ/Pm = 8 +the pressure rise through the strong trailing shock is suf-

ficlenmt to increase the base pressure above its value for the no-jet-
flow condition. The increased strength of the trallipg shock at the
higher values of Hj/pw is noted in the schlieren photographs as an

increase In 1ts inclination relative to the Jet axis.

At M_ = 0.9 (fig. 9(b)) the variation of base pressure coeffi-

cient with jJet total-pressure ratio differs somewhat from the pattern
at supersonic stream Mach numbers. Up to ,Hj/pw =~ 1.5, the variation

of Cpb is similer to that which occurred at M, $ 1.0 (fig. 9(a)),

but et thls point the base pressure begins to increase until at
HJ/p00 ~ 2.0 the curve agaln assumes a positive slope., This reflex in

the curve 1s believed to be associlated with chokling of the jet nozzle
and was observed for all models at subsonic speeds. A% Hj/pm ~ L, the

curve bresks and the base pressure sgaln Increases. At this pressure
ratio the jet boundary has expanded outward enough so that the pressure
rise connected with turning of the main stream away from the jet axis
begins to be felt at the bese. At Hj/Peo = 6, the jet boundary has
expanded outward stlll further and consequently the tuwrning of the main-
stream flow occurs nearer the base and the resuwlting pressure rise has

e stronger effect on the base pressure. The compression disturbances
visible in the photogreph for point (a) of figure 9(b) indicate shock
waves 1n the local supersonic flow at the base of the gfterbody and

PRI ENT T
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acoustlcal compression waves which, originating in the wake and in the
tunnel, are propagated forward. The latter disturbances are transient
and do not appear in the time-averaged pressure distributions along the
wall or model,

The base-pressure varistion discussed above has been cbserved by
others at higher supersonic Mach numbers where considerable research
has been conducted on afterbody drag. The transonic picture of the flow
1s relatively new but 1t is observed here that the flow phenomens remain
essentially the same.

The slope of the curves in figures 7(a) and (b) is shown to be
nearly independent of nozzle angle for the sonic nozzles. For the
supersonic nozzles (fig. 8) the slope of the curves, as well as the mag-
nitude of CPb , vearies wlth change in-nozzle angle. Varying the Jet

slize of the sonlc nozzles effected substantial changes in the variation
of base pressure coefficient with jet pressure ratio (fig. T7(c)).

Effect of stream Mach number.- The variation of base pressure
coefficient with Mach number for g sonic and & supersonic nozzle at
several Jet pressure ratics is presented in figure 10. The supersonic
data between M, = 1.6 and 2.4 were obtained from reference 5. It will
be noted that in figure 10(b) data for an Mpy = 2.5 nozzle (ref. 5) are

compared with the present dsta for an Mp = 2.0 nozzle, Other data of

reference 5 show thet within this range and at these Jjet statlc-pressure
ratlos the design Mach number for the conlecgl convergent-dlvergent noz-
zles did not have a slgnificant effect on the base pressure coefficlent.
Therefore, the difference in M for the two nozzles of this figure

would have only a small effect on the curves. Figure 10 1llustrates the
rapid decrease 1n base pressure coefficient near sonic velocities and
the magnitude of thils coefficient with resgpect to that which occurs at
higher supersonic speeds and at subsonic speeds. In addition, for the
sonic nozzle, the difference in Cpb for different values of Jjet pres-

sure ratio is shown to increase substantially as M, dJdecreases.

A detgilled presentation of base pressure coefficilient as & function
of Mach number i1s made in figure 11, These curves were cbtained by
cross-plotting the data of figures 7 and 8 at constent jet pressure
ratios. The base pressure for the no-jet-flow condition 1s also indi-
cated on each diagram to facilitate separation of the jet effects. For
sonic nozzles, the varlaticn in base pressure coefflclent with Mach num-
ber is relatively small below M, = 0.9. At M, > 0.9 "the effect of
stream Mach number depends greatly on the jJet pressure ratio. The effect
of the jet was most adverse under conditions encountered in current
turbojet cruise operation, Hj P, = L or less. The transonic drag rise

at these pressure retios was very large, indicating substantisl

penslties at M, > 0.9. m
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At these jet pressure ratios, and.on the basls of Jet total pres-
sure HJ the adverse effects of the Jet on the base pressure were gen-

erelly greater for nozzles deslgned for M = 2 than for sonic nozzles.
For supersonic nozzles, the divergence rate 1s shown to exert a strong
influence on the bhase pressure varlation wilth Mach number and upon the
level of the base pressures, whereas for sonic nozzles the effect of
convergence angle wgs relatively small, ' )

Effect of nozzle angle.-~ The base pressure coefficient 1s pre-
sented as a function of nozzle angle 6 for constant values of Jjet-to-
base diameter ratio in figure 12. Relatively little change occurred in
Cpb for the sonic nozzles (negstive values of 6) at HJ/Pm z 4 over

the range of nozzle angles investigated. A% the higher jet pressure
ratios (Hy/p, = 6 and 8) the variation in -Cp, Tor the sonic nozzles

became, in some instances, more pronounced. At M_= 1.0 and Ej/Pm =8

(fig. 12(c)), for example, the base pressure coefficient ranged from
-0.0L5 at 6 = -5° to -0.165 at 6 = -25°, This variation of base pres-
sure wilth nozzle angle is thought to be due to the behavior of the bound-
ary layer along the nozzle wall close to the exit of the nozzle, which
regults in an effective Jet-to-base diameter ratlo somewhat smaller than

the geometric ratio. A reduction in dj/db would delsgy the intersection

of the Jjet and main-stream flow a corresponding amount and thus tend to
decrease the base pressure at g glven pressure ratio and Mach nimber of
the free streem. The decrease In base pressure noted as 6 decreased
from -5° %o 0° is thought to result from insufficient length of the
constant-diameter throat of the 0° nozzle (the O° nozzle was identical
to the -5° nozzle except for the constant-dlameter portion, as shown in
fig. 3(c)). If the flow in the nozzle did not follow the contour of the
nozzle, the Jet flow would ilssue from the nozzle wilth a smaller dlameter
then the diameter of the Jet exit and thus produce the effect mentlioned
previously.

For the supersonic nozzles, the varlation of Cp, with nozzle

divergence angle was substential. At low jet pressure ratios (below
ebout 4.0), this varistion in base pressure can be attributed largely

to separation of the nozzle flow from the nozzle well, This separation
would reduce the diameter of the high-velocity portion of the jet and
thue produce an effectlve jet-to~base dlameter ratlo less than the geo~
metric one., Counteracting this effect to lower the base pressure is the
effect of greater angularity of the Jet flow wilth the externsl flow at
large values of 6, which brings the intersection of the two flows closger
to the base and thus tends to increase the base pressure. The extremely
low base pressures measured st My, = 1.0 (fig. 12(c)) for the supersonic
nozzles mey reflect significant tunnel interference at this speed.

g TN
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The sonic and supersonic nozzles may be compered on the basis of
Jet static-pressure ratioc in figures 12(c), (d), and (e) since this ratio
is gpproximately equal to 1 for the sonic nozzle at Hj/p00 = 2 and for
the supersonic nozzle at Hj/poo = 8. On this basis, the supersonic noz-
zles have a greater base pressure than the sonic nozzles. The resulting

curve 1s gpproximately continuous from 6 = -25° to 6 = 250 except at
M, = 1.0 where tunnel interference may be significant.

Effect of Jet-to-base dlameter ratioc.- Figure 13 presents CPb as
a function of Jet-to-base diameter ratio for several values of Hj/pw

at M, = 0.9 and 1.1. These curves were obtalned by cross-plotting the
data presented in figure 7 and, therefore, represent date from
6 = 0° and -25° nozzles. Since the effect of 6 on Cpp, was rela-

tively small for the sonic nozzles, except st the highest values of Hj/pw

as pointed out in the previous section, it is felt that the introduction
of © =&as a varisble in figure 13 does not seriocusly affect the trend of
the curves. Two points taken from the data of reference 2 are shown in
figure 13(a). These polnts, which represent the base pressure coeffi-
clent obtained on cylindrical afterbody with dj/db = 0,375 at

Hj/pm = 2.29 and T7.26, are consistent with the present data .

At small values of the Jjet-to-bage diameter ratio, the jet and wake
boundaries in the vicinity of the base are well separated, and increassing
the Jjet diameter in the absence of interference between the Jet and
external stream decreases the base pressure coefficient. At the higher
values of dj /d-b ; the effects of the jet on the external flow increase

with Jet-to-base dilameter retio and the value of Cpp increases with
increasing dj/db. It 1s apparent that for some intermediste value of
dj/db the adverse pumping effects and the favorable interference effects
will be compensating; at this value, the base pressure coefficient reaches
e minimm. From figure 1%, it can be geen that the Jet pressure ratio

corresponding to minimum base pressure lncreases as the Jet-to-basgse diam-
eter ratio decreases. At M = 0.9 (fig. l3(a)) the mimimum value of

base pressure decreases as dj/db decreases and HJ/p°0 ilncreases, whille

at My = 1.1 (fig. 13(b)) the minimum base pressure 1s nearly independent
of dj/db and Hj/pw.

Effect of base bleed.- In references 2, 6, and 7, a reduction in
base drag was obtalned by Iintroducing small quantities of air into the
region adjacent to the base annulus. Similar tests were made during the
present Investigation where alr directed from the primary Jet flow ahead
of the nozzle was introduced into the base annulus through an ennular

WONRIETIIILD
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opening (fig. 3(c)). The bleed mass-flow rate, therefore, increased as
the Jet mass-flow rate increased. Calculations based upon the base pres-
sure and the pressure in the small chanber upstream of the base bleed
opening of the baslc bleed model indicated thet the maximum bleed mass-
flow rate obtained was of the order of 2 to 3 percent of the jet mass-
flow rate. Total-pressure surveys across the base annulus showed that
the bleed flow issulng from the small annular opening on the basic bleed
model with all throttling orifices open had conslderable velocity at
J/p = 4. This condition was detrimental to the base pressure 1n that

the high-velocity bleed flow aided the Jet flow in asplrating the base.
By closing part of the throttling orifices, the mass~flow rate and
velocity of the bleed flow were reduced approximately 75 percent. In
order to reduce further the velocity of the bleed flow without changing
the maximum bleed flow rate, the basic bleed model was modified to
increase the exlt ares for the bleed flow from 0.06Ab to O.lBAb.

The maximum effect of base bleed on the base pressure of the nozzle
with 6 =0° and dyfdy = 0.65 when fAyy/Ay = 0.06 and 0,018 is shown

in figure 14(a). For the basic bleed model this condition occurred with
four throttling orifices open, and for the modified bleed model with all
-orifices open. It will be noted in figure 14(s) that base bleed caused
a substantisl increase 1n base pressure coefficlent st certain condi-
tions - for example, st M, = 1.0 and HJ/Pm = 2 - while at a few other

points there was little or no increase in base pressure. TFor the example
cited, the base pressure coefficlent increased by about 35 percent; how-
ever, even with this drag reduction, the base pressure was still quite
low. In addition, the penalties incurred in obtaining the bleed flow
may offset any drag reduction gained from increased base pressure. Dats
obtalned for the basic bleed model with 6 = -12° are not shown since
they were practically ildentical to the dats Tor the model with 6 = 0°,

Figure 14(b) presents the data obtained from the 6 = 12° super-
sonic nozzle with base bleed. This nozzle was not modified to the larger
bleed-flow exit. As with the sonic nozzle, the greatest increase in base
pressure coefficlent occurred with only four throttling orifices open and
only these data are presented. ©Substantlal decrease in base pressure
occurred for HJ/Pw =L and 6 below M_~ 0.9 and scme increase occurred

at M, > 1.10. N

Afterbody Pressure Distributions

Since the sfterbody utilized in thils investigation was cylindrical,
the pressure drag of the afterbody 1s zero. Nevertheless, the pressures
along the afterbody are of 1lnterest. Low pressures at the base lead to
substantial reductions in pressure near the base (fig. 15). The distance
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upstream from the base over whilch the afterbody pressure is influenced
by proximity to the base decreases as M, increases. In figure lﬁ(a),

for example, at M, = 0.6, the afterbody pressure begins to decrease

neaxr s/d = 1,0 whereas at M, = 1.24 the afterbody pressure is essen-
tlally constant to S/db 0.3, The distance upstream from the base over
which the base pressure would Influence the static pressure on the after-
body would depend upon the thickness of the boundary layer on the after-

body and upon the local velocity within the boundary layer. At constant

Jjet pressure ratio, decreasing the boundery-lasyer thickness or increasing
the free-~gtream velocity would reduce this distance.

SMMARY OF RESULTS

An experimental Investigation at transonic speeds of Jet effects on
the flow over a cylindrical afterbody ylelded the followling results:

1. The Influence of the jet upon the base statlc pressure was gen-
erglly detrimental at Jet total-pressure ratlios equal to or less than 5.0
for the jet-to-base diesmeter ratios of about 0.75.

2. The Jet total-pressure ratlo at which the jet effects on base
pressure became favorable decreased with increasing Jet-to-base digmeter
ratio.

3. With sonic nozzles, the base pressure coefficient reached a min-
imum value of ebout -0.55 at a Mach mumber of 1 or greater; with super-
sonic nozzles, base pressure coefficlents as low as -0.8 were measured.
At subsonic speeds, the mimimum base pressure coefficient measured was
about -0.3.

4, The convergence angle of the sonic nozzles investigated dld not
significantly affect the base or afterbody static pressures.

5. The divergence angle of the convergent~divergent nozzles affected
the base pressure; for identical operating conditions (M, = 1.0 and
Hj/poo = 8.0), the base pressure coefficient increased 49 percent as the
divergence angle increased from 10° to 50°.
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6. Base bleed was beneficial in reducing the base drag under cer;
tain conditions and had little or no effect under other cornditions.

Langley Aeronautical Laboratory,
Natlonal Advisory Commilttee for Aeronautics,
Langley Field, Va., Merch 6, 1956,

REFERENCES

l. Henry, Beverly Z., Jr., and Cahn, Maurice S.: Preliminary Results
of an Investlgation at Transonic Speeds to Determine the Effects
of a Hegted Propulsive Jet on the Drag Characterigtics of a Related
Series of Afterbodies. NACA RM L55A2La, 1955.

2, Salmi, Relno J.: Experimental Investigetion of Drag of Afterbodles
With Exiting Jet at High Subsonic Mach Numbers. NACA RM E54TI13, 1954,

3. Faro, I. D. V.: Experimental Determination of Base Pressures at
Supersonilc Velocities. Bumblebee Rep. No. 106, The Johns Hopkins
Univ. Applied Physics Lab., Nov. 1949.

4, Cortright, Edgar M., Jr., and Kochendorfer, Fred D.: Jet Effects on
Flow Over Afterbodies in Supersonlc Stream. NACA RM E53H25, 1953.

5. Bromm, August F., Jr., and O'Donnell, Robert M.,: Investigation at
Supersonic Speeds of the Effect of Jet Mach Number and Divergence
Angle of the Nozzle Upon the Pressure of the Base Amnulus of a Body
of Revolution. NACA RM L54TI16, 195k.

6. Cortright, Edger M., Jr., and Schroeder, Albert H.: Investlgation at
Mach Number 1.91 of Side and Bage Pressure Distributions Over Con-
icael Boattails Without and With Jet Flow Issuing From Bsse. NACA
RM E51F26, 1951,

7. Cortright, Edgaer M., Jr., and Schroeder, Albert H.: Preliminsry
Investigation of Effectiveness of Base Bleed in Reducing Drag of
Blunt-Base Bodies in Supersonic Stream. NACA RM E51A26, 1951.



=
3
o>
prEe e =
3
ia— M
: — ﬁ“w‘"-n
:;l::—.——'—
. 4
P et
— 'T‘ t——
7
(a) 8% - by 12-inch slobbed test section. 1=84776

Figure 1.- Tunnel and medel installation.

T




/ /—JET-HOW THROTTLING NALYE

RESULATED COMSTANT PRESSURE (T5 PSI) AIR FOR
JET PROM 3000 CUFT. SUPPLY TANKS

l."- SECTION A-A

ENTRANCE TUBE
SLIDING SECTIONS FOR ACCESS TO PRESSURE LEADS

FRONT SUPPORT STRUTS A"!

— PLENUM CHAMBER -

L__,_\ TOTAL-PRESIURE SURVEY FROBEL
; FLOW

7 [~ ~ W

| i
: ZHODEL SUPPORT TUBE :‘l:] J i

- FLENUM CHAMBER —

A

V4

| —~—— BYPASS CONTROL VALYE

0 "DIA THNNEL APPRCGACH: DUCT

AUXILIARY SUCTION UNE — FLOW

(b) Sketch of tunnel showing model installation.

Figure 1.- Concluded.

9T

Te09dT WE VOVN



17

NACA RM L56C21

]

F 4

, EEE&EE-E—?%&V ?
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SONIC NOZZLES !
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Figure 3.~ Jet-nozzle configurations.
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(b) Photograph of several nozzle conflgurations.

Figure 3.- Continued.
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Figure 3.- Continued.
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(@) (b (c) {d) (e)

Base pressure coefficient, Cp,

0 2 3 4 5 6 T 8 9 10

Jet total-pressure ratio, Hj/pe
(a) M, = l.20.

Figure 9.- Typical variation of base pressure coeffilcilent with jet total-~
pressure ratio, and schlleren photographs of the flow at several Jet
total-pressure ratios.
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Figure 9.- Concluded.



- TS

6 [ I
- T
-5 jJ_ dy, i
' S
L L |

J onic nozzle d;/d,=0.75
%& /q\\h\,#fb\ ’ oot
-
S .y
//ﬁ/ﬁ f""q;“‘:::iiT““‘::iI:g
] ;
N/

X
Wy

F—— |

A
—

5.7 —]

=)

Base pressure coefficient, (g,
i
LN

v Fresent mvestgation
7 Reference 5

ﬂ Extrapolation of data of fig. 7 (b)
7.6

2 l |
4 L 8 10O Lé L4 16 L8 20 2.2 24 26 .8 3.0
Mach number , My,

(a) Sonic nozzle.

Filgure 10.- Extension of present date by use of data from reference 5.

%

Te09ST W VOVN




-8
-7

‘Q‘\

S -6

*"\

Iy

\

S -5

N

L“

b

S

v -4

2

0

)]

Y

o =3

v

4

X -z
-/
O

[ | |
I
ﬁ”\ 4]
Sypersonic nozle d, /a’bt o7
8= 10°

& Fresent mvestgaton , My= 2.0

£ Referemce 5 ) Mp=2.5

\i‘é

B 1.0

L2 14 LG /8 20 2=z 2.4 26 28
Mach number y My,

(b) Supersonic nozzle.

Figure 10.- Concluded.

3.0

TSO9CT W YOVN

49




36

Base pressure coefficient, Cp,

m NACA RM L56C21
8, deg. ) o
0
Gttt -5
—_—— -/2
—— =35
-72 —— —— — Base pressure coetficient
| for no_set Flow I
-64 Hfoa=2 -64 Hyfm= #
<% — -6
& ’—_—:\?Jx
- / N _ V7. axN
78 48 7 4 \\\
77AIRN
-40 ¥ -40 Ti =
/ JITs
Y N
=32 -3z -
. B [ S //
-24 //// -.24 B e sl
N,,.(f_ﬂ‘// /‘ . ) /‘ —
-lé -.le
—t— L —1
-08 =08
O.J 6 7 8 9 Y/ Y ¥ K | 0,5 6 7 8 9 L0 M L2 /3
-72 l =7 I
-4 H/pa=6 -64 Hfomn 8
-5 =56
-98 -48
-40 -40
'33 //:\\ ".32
s » // |
s ————y //’/ v ™ e _\J\ =
- .16 =t -1 - =
I B = gy 7 =
- 08 -08 - -
- 0
0.5 6 7 8 9 o L iz 13 S 6 7 8 9 11/ Y B A X |

Mach number, Ma
(a) Sonic nozzle; dj/dp = 0.65.

Figure 11.- Effect of Mach number on base pressure coefflcient.



NACA RM L56C21 SRS 37

-72 -7z
-¢4 1 -b?
Hilow= 2 H, /pa=4
-56 =56
I/FQ_ =
I A
‘48 // ‘_48
-40 / -40
/ I
-5z -3 A
- .
Q:'.E4 —— __24 |
Q = e = -—\K
+ s / ’\ /
< -/6 -6
v | T I
N =
% -08 -08
S
Y
e 0
§ 05 6 7 8 9 10 L/ 12 L3 ) 6 7 8 2 10 144 12 13
L7
v
s -6¢
e H, foa= 6
-56
-$8
8, deg
-0 —_— 0
—_— -2
-3 — — — Bose pressure coefficient
for no jet flow
-o4
L
-/6 = e
Y _
0

5 6 7 .8 .9 L0 174 12 13
Mach number, My,

(b) Sonic nozzle; dj/dy = 0.75.

Figure 11.- Continued.



38

WCONTTTIRNT RN,
8, kg
5
—————— 12
—_—— 35
—— — — Base presswre coefficient
-80 | I for no jef flow i ’
-72 -72 .
hﬁl/Pa - 2 /-/J/p- 4 / \
~64 -64 /]/ - S
-
'-56 '.56 ‘I’ —\\
A==z t-_* L/{ N
-48 s o 18 )
Lo —— A { }
-4 — < / ™ -90 i
47 N . ,/ f’
P h e
-2 - -3z =l !
— / )
~o# RS -2#
/ ’—“\\ /"_ \\
£ -16 4 -Je —
%) IR Uy | "
153 o
V
£ 0
L'g 0.5 6 7 8 9 w2 43 & & 7 8 S Lot 2 13
o
¢80 50 T
2 N\ |
y-72 -7 .
a H_:/Fh. =6 \ HJ/P— 8
'é‘.G‘f iy N
i \ \
-5 = -5%
i N
-4 1I N -8
i \, —
] . ~
) /] . .
40 AW - /, 7 0 - St
~ R
-32 = ™ -3z
~— -
-24 — -2 — —
e e ST TN
L~ L
/e I -l6 , I
-08 -.08
0 - 0 - |
5 6 7 8 3 0l 2 I3 5 6 7 8 g o 2 B3

NACA RM I56C21

Mach number, M
(c) Supersonic nozzle; dj/d% = 0.75.

Figure 11.- Continued.

TR e



NACA RM L56C21

-.80
=72
- 64
~0
X356
*"\
N
v - 48
&
LS
S
v -40
3
o
Y -3z
'Y
3
Q
-.2%
-./6
-.08
0

(d) Supersonic nozzle; dj/dp = 0.85.

Figure 11.- Concluded.

COmETT

(NP, 39
| | |
Fb/@%b
. ———— No flow P
K\
o j_ 6-12°_| \
\
- 6 / \
i
/ N
/
/
/
/ A~ L\\
]
/
I .
/
/
- /(// \
\ e — | -
e —
/////J— —
—
-
\//
6 7 8 .9 1.0 1] la 13
Mach number , M



Lo +CONFIDENTIM. NACA RM L56C21

-.8
l dy /d,
O 0.65
-6 O .75
<& .85

\_.

\

]
oo
C-_T

S
AN
5& -
it

o
O —

S

25

RY

-15

1

1
(o8

1
[\p}
<
o
B
!
B

Base pressure coetticrent, (p b

[

i\

)
X

0
-25 - 15 -5 5 15 25
8, o’eg.

() My = 0.6.

Figure 12.- Effect of nozzle geometry on base pressure coefficient.

CONGIDENT I AL gn



NACA RM L56C21 CPONRIDENET T, L1

-8 T T -8 T T
HJ/P-'Z /7,'1//0-'2
-6 -G ]
L e—=s ——
| — D/f;—
-4 o -4
| B——— /;’
-2 -2
o] 4]
-8 T T -8 T T
Hifpu= 4 Hofpa=4 \Q\K
-6 -6 -,T
2 B\—o——cL’C’
Q& A _
K)o\ i .O’/“% * S
+ ——to—_—0 I/B’}
< o—T] 5 e
L.z 2
&
S
\Y 0 Is]
Y
% -8 T T -8 T T T
3 Hyfpa= 6 L/ %\
A
QU . -
§ 6 6 \E\
W \0\\&
-4 -4
E 5\ )/O
-2 —— S -z :
0 0
-&5 -/5 -5 J 15 2y 5
- : 1
97 O’!j A_/;AO.’ 8
C
. A\
O'ch/b -4
o 0.65
o .75 -z 0
<& .85
0
-25 -15 -5 & 5 25
g, deg
(b) M, = 0.9. (e) M, = 1.0.

Figure 12.- Continued.



ko

CQNEIDENT ik NACA RM L56C21

9,/ -
o 0.6
= 75
Lod 85
‘.8 T T ‘.8 T T
Hyfpm= 2 Hifoe=2
-.6 : -6
.____@:jy_—.ﬁ ]/U“\Ja —g _ S—_—
e L <
—.4' -.4 — ol
-2 -2
.0 0
-.8 T T -8 T T
H,frm = 4 Hfpa= 4
-.6 -b
o B
? q <~ \[:
<§-4 el -4 O] —
O————a B——r—a
*\'\
$-2 -2
S
':E 0 0
e
v -8 T T -8 T T
§ Hoffpow = 6 Hifpes =6
-6 -6
], P~
¥ N~ . —
9 - X . b
-2 -2z T——
B
0 0
-8 T T ‘,8 T T
H fow = 8 Hfpo= 8
-6 -6
g
-7 \:\ -4 ~<]
o \ra ~ \u
-2 -2
\\w tﬁz
2] 9 -
25 -15 -5 & 15 25 &5 -5 i) ) 5 25
6, deg. N
(d) Mo = 1.1. (e) M, = 1.2.

Figure 12.- Concluded.

el LLELILL



NACA RM I56C2L - - Y

—'8 hb/OQD
&2
-7 v 4
4 6
o 5 < 8
g 62.29}&7[2
O v 726
Nl
N
~NG
A
2 -3 - P
¥
Q. /<
v -2 S
-./ Cp,bekno./eff/owx E\
0
O .2 4 .G 8 /0

Jet - to-base diameter ratn, q’//a’b
() M, = 0.9.

FPigure 13.- Effect of jet-to-base diameter ratio on base pressure
coefficient for the sonic nozzle.

GomurTm—



bl

-9
-8
-7
-6

e

S

]

~+

:

(o]

& 4

v

S

Y =3

N

8]

e

hy

QU -2

v

3
-/
0

NACA RM L56C21

a
\

——

.
\

Cepfor no jet 7r/owX \k
\\
2 4 6 .8

10

Jet - to-base diameter rato, d, /d

(b) My = 1.10.

‘ Flgure 13.- Concluded.

e S = N



NACA RM I56C21 C O —— ks

-8 T -8 _— (
o5 e
-7 “ -7 -
-C -G
-5 -5 !,l —
/ ot N _4

-3 —
e/ ’
/ i
'.2 // -2 _;J
Q
S -/ -
S
*"\
[N 0
E 4 G 8 10 L2 /4 ks A 8 10 Lz 14
NI
S -8 : -8 ! I
v Ho_g H_g
N Pa R
> -7 -7
v
)
v
Y
Q-5 -6
g
Q
-5 -5

Jl\\
-2 . -4

N

i \

-'3 Q’\\_*/ F ‘3 f
-2 1 As -2 R ’//J‘
No base bleed - 0 ’ h_’f_/

------- Min. bgse bleed - 0.06
- ——-—— Max. base bleed - 0.18 -/

% A N N O N
6 .8 L0 Lz e 4 & 8 10 L2 14
Mach number, My

(a) 8 = 0% d3/dy, = 0.65.

Figure 1lL.- Effect of base bleed on base pressure coefficlent at several
Jet total-pressure ratios.

e



16

Base pressure coefficient, Cp,

T TN T —  NACA RM L56C2]_
-8 -B
ﬂi’- = 2 ﬂ-!’- = 4
Po Pas
-7 -7 —
. . 0N
1 N
-5 S -5 e
mn N {
/ \\ \\ !
-4 — >~ -4
/ ! ~ ~e/
/ /l T ]
N
-3 T -3
-2 -z
- -4
0 0 .
4 6 8 1.0 12 4 4 6 8 /0 12 14
o Mach numbery Me
H_og
pm
-7 — o2
t - 3
-6 = - -
N Aoy -
\ A
-5 A —_— bl 9]
g NN No base bleed
\V\ ——————— Min. base bleed  0.06
-4 / =
_3 - — —
-2
-~/ _ B

6 .8 10 ¥4 14
Mach number, M

(b) e =12°% 4a3/ap = 0.75.

Figure 1k.- Concluded.

g Mo S



NACA RM L56C21

H
_fm
< No Flow
< 2
v 4
< [
< 8
Fitled symbol indicales base pressuvre coefficient
-6 -6
[
-5 M= & -5 M= .9
-4 -4
-3 -3
-2 E -Z
-4 -1
0 __E;—ﬂﬂg%ﬂ o ¢ =]
25 20 L5 10 as (2] 25 20 L5 10 as
o
©-.6 -G
M l |
Y - <+ .
S -5 Ma=1.0 el -5 Ma=1.70
8
Lo -2
u
8
§ -
: ]
Y
iz -2
]
S .
577 -
&
= o o ) o
25 20 L5 1o as o 25 20 L5 40 as
-¢ -6
-5 Mu=/.20 L S Mu=l 28
_f , '_f
_3 _3
-£ -2
_J --/
0 ¢ 0 Q
z5 20 18 10 as 0 25 2.0 L5 L0 05

Orstance upstream from base of afferbody , s/d)

(2)

Figure 15.- Afterbody pressure distributions.

8 = 0% dj/dp = 0.65.

SN

b7



48

NACA EM LS6C2L

SR TR
H
P - ~
O Noflow
o 2 -
v 4
< 6
~ 8 . _
Filled symbol indhcates base pressure coefficient ~
—"6 -
| }
-5 Ma=.C -5 Ma=.9
-4 -4
=3 -3
v
-8 -2
-1 =~
0 0
25 20 15 144 ad o 25 20
£ —
G -6 -6
M l B —
<
§ -5 My= 1.0 -5 Mav 1/
£
-4 -4
8
L, I
I - =
4
g\-,ﬁ -2
g» '
L -/ -/
L
BN
=g » gl——m -
25 20 5] 10 s 0 25 - 20 V) 0 a8
-C | - -
-5 My 1.2 ‘L -5 Mo= 125
-4 y -4
-3 -3
-2 f; -2
-] -/
0 y. —g Ie) ‘L bt .ot
25 20 LS 1.0 05 0 25 20 15 10 as

Distance upstreom. from base of afferbody , $/d)

(v)

Figure 15.- Continued.

B

Camm eI

-25%; d3/dp = 0.65.



NACA RM L56C21

Afferbody pressure coefficient, Cpy

& cox e

49

H
pﬁ
o No flow
<& 2
v 4
< 6
Filled symbol indicates base pressure coefficrent
-6 T -6 I
-5 My=.6 -5 My=.9
-4 -4
-3 -3
¥
-2 -2 {
: »
N . i
0 - 0 - o |
25 20 U5 o a5 o 25 20 15 10 a5 0
'.G ' '.G I
* 4
-5 Ma= 1.0 -5 Mamld
-¢ -4
\ 4
=3 -3
. i !
-/ -/
0 0 >
a5 20 L5 4] as [} 25 2o 15 10 05 0
“G l ‘.G l I
¢
-5 M.=l2 -5 Ma= .25 *
-4 -4
A 4
-3 -3
-2 -2
-1 =/
% — 0 =
2.5 20 15 1o a5 0 25 20 L5 10 as 0

Distonce upstream from base of afferbody, s/dy
(¢) 8 =0% daj/ay = 0.75.

Figure 15.- Continued.

g s



50 NACA RM L56021
H
Pro B
o  Nofhw
< I
v 4 -
< é
Filled symbol indicatcs bose pressure coefficient
-5 l -6
-5 Na' A —.5' Ma= 39
-4 -4k 4
+ )
-3 Y 3 {
-2 -2
/ /
-/ )
0 ﬂ“’/&gﬂ 0 S
2.5 2.0 15 10 a5 0 25 20 15 L0 0§ 0
-6 -6
& T ] l
L5 Paw 10 5 Ma= 1.1
é E
-4 -4
8
Y3 -3
a
-2 -2 .
>\
:§ -/ -/
Yy
X
< 0 Q —%
25 20 15 10 a5 0 2.5 20 15 10 a5 14
-6 T -6 l
A 4 v
5 M= 12 .5 M= 125
Jl JP
-4 . -4
-3 -3
-Z -2
-/ ;? -/ ?
25 20 15 10 a5 1] 25 20 15 10 as 0
Distance upsireom from base of afterbody, s/,
(@) o =12° 4as/dap = 0.75.
Figure 15.- Concluded.
: gl
’&l’f‘"" R
e m - NACA - Langiey Field, Va.




